INTRODUCTION
Fusion bonding is an attractive technology for joining polymer matrix composites. The advantages of using this technique are good environmental resistance, high strength (ideally that of the parent materials), and the lack of any mechanical fasteners. This study presents a model for predicting the through transmission ultrasonic (TIU) amplitude response of multilayered composite media having a thermal gradient through the thickness, as seen in a fusion bonding process. The received TIU amplitude is predicted as a function of temperature at the interface of interest. The model response to frequency and layer stacking sequence was investigated.
Resistance welding of thermoplastic composites is a fusion bonding technique that employs an embedded heating element to heat, via Joule heating, the interface between adherends. Prior work has shown that the processing history has a significant effect on the performance of the joint produced [1] . In order to achieve optimum bond quality and performance, it is necessary to precisely control the process parameters. Currently, thermocouples implanted at the interface are used to monitor and control the interfacial temperature. This is undesirable due to the defect that this introduces. Nondestructive sensing techniques are being investigated for their suitability to be used on-line as a replacement for implanted sensors. The possibility of using these sensing techniques for on-line inspection and control would potentially improve the joints, and they are necessary for automation of the process. Previous studies have shown that TIU amplitude is sensitive to the process history of a resistance weld [2] . Recent work has been focused on relating the TIU signals to the various process models that have been developed to describe the heat transfer and evolution of intimate contact at the weld interface. To gain a basic understanding of the sensor-process interaction, current efforts include the modeling of signal changes with the material properties as function of temperature.
THEORY Figure 1 illustrates the experimental setup used for resistance welding and shows the transducer configuration for through transmission. Since the mathematics describing wave propagation in solids can be quite complex, any simplifications that can be made will be beneficial for modeling of TTU in the thermally transient welding process. The first simplification comes from the geometry of the problem. The transducers used in our studies generate longitudinal waves at normal incidence to the series of interfaces in the weld stack. This reduces the number of equations needed, and mode conversion can be ignored. The second simplification that will be used is to treat the composite adherends as transversely isotropic and to treat the weld stack as semi-infinite in the xy plane. This further removes complexity by allowing the assumption of plane longitudinal waves. This uncouples the wave equation for longitudinal waves from the general threedimensional wave equation where there is coupling between longitudinal and vertically polarized shear waves. 
Transmission Across Interfaces
The theory describing the transmission of longitudinal waves across an interface has been well developed [3] [4] [5] [6] [7] . Eqs. 1,2, and 3 are harmonic solutions to the one dimensional wave equation describing the incident, reflected, and transmitted longitudinal waves at normal incidence to an interface between continuous media. The one dimensional plane wave equation is: (1) where: c = velocity of sound, u = displacement, and t = time. For an incident wave:
Reflected wave:
Transmitted wave: (4) where: p is the acoustic pressure, kn is the wave numbers, Cn is the velocity of sound in layer n, f is the frequency in Hz, and AI, BI ,and A2 are the real pressure amplitudes.
The boundary conditions that must be satisfied are [3] : 1) acoustic pressure or normal stress must be continuous at the boundary; 2) particle velocity or displacements must be continuous at the boundary. The most significant material parameter that affects the transmission across a boundary is the ratio of acoustic pressure to particle velocity. This ratio is called the acoustic impedance, z. The higher the impedance mismatch between two media, the stronger the reflection from a boundary separating the two will be, and the transmitted wave will be correspondingly weaker. For a single forward traveling wave the acoustic impedance can be calculated as the product of the velocity of sound in the material c and its density p [5] : (5) where p is the pressure, and u is the particle velocity. Maximum transmission is approached when the media are acoustically matched, i.e. their impedance ratio is unity.
When both forward and backwards traveling waves of the same frequency are present, interference will take place, and the impedance will become complex. The expression for the complex acoustic impedance is derived from the ratio of the pressure to the particle velocity. The transmission medium is treated as a transmission line terminated by an impedance Zt. After some algebraic manipulation, the input impedance can be calculated to be [8] : (6) where p is the density, c is the speed of sound, k is the wave number, I is the transmission line length, a is the attenuation coefficient, and Zt is the termination impedance.
The complex input impedance will be frequency and layer thickness dependent, which will make the transmission and reflection coefficients frequency and thickness dependent. For a more complete derivation of the input impedance of transmission lines, see Gooberman [8] . Figure 2 shows the seven layers of material that a sound wave must pass through for a typical resistance weld. There are the APC 2 composite panels, the two neat PEEK interlayers, and the heating element. The outermost layers represent the two Vespel delay lines used to protect the transducers from high process temperatures. Starting in the delay line, with a pressure amplitude AI, the first interface encountered is the delay line to APC-2 boundary at Z = 0 (the couplant layer is very thin and is neglected). The pressure amplitude of the wave transmitted into layer 2 is called A2, and the amplitude of the wave reflected back into layer 1 is called B 1. Reflected and transmitted waves at subsequent interfaces will be labeled in a similar manner. The pressure reflection coefficient is given by : (7) Due to the reflection of B I type waves from the first interface, additional incident A 1 type waves will suffer interference. This will be encountered in each layer up to the final interface, and as long as the pulse length is sufficiently long, standing wave patterns will occur. Whether the interference is constructive or destructive is governed by the acoustic impedance mismatch between layers, the layer thickness and the wavelength. Quarter wavelength thicknesses will give maximum interference when the reflected wave is phase shifted 180 0 , which occurs when a wave is reflected from an interface across which the impedance drops. Half wavelength thicknesses will give maximum transmission in this situation. Across an interface where the impedance rises, the reflected wave is not phase shifted, and constructive interference will occur.
Modeling Transmission Through a Weld Stack
To determine the amplitude response in the seventh layer (the receiving delay line) due to the intermediate interfaces, we calculated the ratio of pressure at the beginning of each layer to that at the end. Because the boundary conditions are satisfied at each interface, we were able to multiply the ratios together to calculate the ratio of pressure in the transmitting delay line to that in the receiving delay line. This result is complex, but we are only interested in the real portion, so the magnitude of the complex number was taken. It was then inverted to calculate the ratio of pressure in the receiving delay line to the pressure in the transmitting delay line. This is the pressure transmission coefficient of the weld stack, and a plot of these versus temperature should have the same shape as the measured TIU amplitude versus temperature curve. Equation 8 shows the ratio of pressures for one layer:
where R is the reflection coefficient, k is the wave number, and I is the layer thickness. A computer code was developed for this algorithm that uses the actual thermal history of a resistance weld. Look up tables are used to match sonic velocity and density to each temperature. The sonic velocities for Vespel, poly ether-ether-ketone(PEEK) and PEEKlAS4 composite(APC 2) were measured via a pulse echo method while heating samples in the resistance welding equipment. The APC 2 composite was approximately 60% volume fraction fibers, and the velocity was measured in the transverse (90 0 to the fibers) direction. This measurement technique also allowed the measurement of temperature dependent attenuation for those materials. The variation of density with temperature for PEEK was calculated by the topological method for property predictions from Bicerano [9] . Rule of mixtures was then used to calculate the APC-2 density. The range over which all measurements are currently valid is 350-541 K (actual welds might reach 650 K). It is important to note here that the sound speeds were assumed to independent of frequency. This is a fairly good assumption for PEEK at room temperature, but the presence of a composite material and temperature effects on wave speed (through density and modulus) complicate this issue. This will be addressed in further retinements. Intimate contact plays a significant role in the transmission of sound across an interface. To deal with this theoretically, we have used a model developed by Lee [10, 11] that describes how intimate contact develops across an interface of APC-2 prepreg. The intimate contact model results would then be used as a scaling function. Since this work was focused on understanding the role of material property changes on sound propagation so the effects of intimate contact were not included.
Furthermore, the thermal history of each layer of the weld stack was allowed to vary uniformly with the interfacial temperature of the heating element over the range 350-550K. 
RESULTS

Model Sensitivity to Input
The model output depends on the values for the temperature dependent properties (density, attenuation, and velocity) as well as the frequency, layer thickness, and stacking sequence. A model sensitivity analysis was performed with a thermal history from a resistance heated autoclaved weld. The following discussion is based on the change in the model predictions due to changes in inputs.
The effect of frequency on model predictions is shown in Figure 3 . A change in frequency will result in a change of wavelength. This will change the interference pattern in each layer, so a sensitivity of the results to frequency was expected. These results are for a complete weld stack consisting of top and bottom composite panels, two interlayers and a heating element sandwiched between two delay lines. As the frequency increases, the signal shape changes, and the peak structures move downwards on the temperature axis. As the frequencies shift higher, a point is reached where the main peak structure is shifted to the low temperature region and a new structure forms at high temperature. As the frequency continues to increase, the relative amplitude of the low temperature structure is reduced and that of the high temperature structure increases. There is a critical frequency interval after which the starting signal shape is recovered. This was a cyclical occurrence, and Figure 4 shows that the shift in frequency necessary to return to the original signal shape is approximately 29.1 kHz. This was found to correspond closely with the frequency interval of the normal vibrational modes of the delay lines. It was found that changing the layer thicknesses or stacking sequence of the materials between the delay lines shifted the signal shape along the temperature axis for frequencies that were not equal to the normal modes of the delay lines. However, the signal shapes for frequencies that matched the delay line normal modes were similar for different layer thicknesses. It was seen that the signal peak amplitude range increased as the layer thickness decreased, and the match of signal shapes for successive delay line harmonics was improved. The frequency interval to regain the signal shape for very thin layers was the same regardless of the starting frequency, but as the layer thicknesses were increased to the dimension of an actual weld stack, the interval was preserved only for frequencies that matched the normal modes of the delay lines. These results indicate that the interference over the length of the delay line dominates the interference effects. That the standing wave pattern in the delay line dominates the interference effects for this case is not unrealistic as the delay line is large compared to the weld stack dimensions, and so there is a longer length over which interference occurs. Figure 5 shows how the model predictions are affected by layer composition. The first trace is for a single layer of PEEK between the delay lines. The next is for an APC 2 heating element between the delay lines. The third trace is for two PEEK layers sandwiched around a heating element. The final trace is for a full weld stack. From Figure 6 it can be seen that the single PEEK layer had little effect on the transmission of sound between the delay lines for temperatures less than 470K. This is due to the layer impedances being similar up to 470K, after which the impedance difference grows large. The PEEK layer is also very thin compared to the delay line length and thus acts more like a membrane than a thick layer. A single heating element layer causes a dramatic change from the single PEEK layer case, with a peak structure emerging at approximately 450K. The thickness of the heating element layer is much greater then a PEEK layer and the impedance difference between the delay lines and APC 2 is much greater. Adding PEEK layers to either side of the heating element shifts the peak structure due to the heating element downwards along the temperature axis to about 430K, and decreases the relative amplitude. Adding the composite panels has the effect of narrowing the peak structure without shifting it in temperature. The signal changes for adding layers are similar in character to the changes observed from changing the frequency.
The model results are sensitive to the input values used for the sonic velocities of the weld stack components. Figure 6 shows the measurements for the temperature dependent sonic velocity of APC 2 from 350 to 550K. The velocities 1,2, and 3 shown in Figure 7 were measured using a pulse echo technique on heated samples. There is a wide variation (> 10%) amongst these three measurements, and the point where the velocity begins to decrease and the rate of decrease is different in each case. Since the data used to calculate velocity was used to calculate the attenuation, the high variation suggests that the attenuation measurements are suspect as well. A combination of experimental error and the presence of significant thermal gradients in the test samples are likely causes of the variation. Such error in the model inputs makes it impossible to match model results to experimental data. Figure 7 shows the effect of changing the temperature dependent velocity of APC 2 on the model predictions. The model results that were calculated using APC 2 velocity 2 fluctuated over the greatest range, while the results using velocity I varied the over the smallest range. Velocity 3 gave results in between. Velocity 2 gave rise to three distinct peaks in the predicted curve while velocity I gave only two. The first peak in each case was located at approximately 415K and of the same magnitude. The second peak in the velocity 2 curve was at approximately 475K, and the second peak for the velocity I curve was at approximately 570K. The magnitude of the second peak for velocity 2 was greater than that of the second peak for velocity I. The third peak in the velocity 2 curve occurred at about 590K.
From the Figures 6 and 7 , it is evident that the temperature at which the velocity begins to decrease, as well as the extent of that decrease, will govern the range over which the magnitude of the transmission coefficient will vary. These factors will also determine the temperature at which a coefficient peak will occur. The dependence of the model results on the velocity curves is such that precision measurements of velocity as a function of temperature is imperative. Further attempts at measuring sonic velocities and attenuation at high temperature will be made using laser ultrasonic techniques to eliminate coupling and thermal gradient problems. This paper presents a model for the transmission of sound through a resistance weld as a function of temperature. The model has been shown to be sensitive to the input frequency, layer sequence, and temperature. It has also been demonstrated that the input for velocity has a large influence on the predicted signal shape, and therefore precision measurement of temperature dependent properties is vital. It was also found that for the case of standing waves patterns in the weld stack layers, the waves in the delay lines dominate the signal changes. This is not optimal for sensing changes in the weld components. A possible solution is to choose delay line materials, or to vary the delay line length, so that the input impedance of the delay line matches that of the first weld stack layer. The extreme sensitivity of the model raises expectations that it will be possible to use the model to select optimum parameters for a given weld stack sequence and thermal history.
Future work will be focused on obtaining the material properties at higher temperatures, and handling the effects of thermal gradients in the composite layers. The surface roughness of the heating element needs to be characterized, and the intimate contact problem will be addressed in more depth. In addition, correlation with experimental data is necessary for verification of the model.
